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Abstract

Introduction. The work environment in meat-production enterprises is characterized by regular
occupational exposure to microorganisms, organic aerosols, and other biological factors. Long-term
occupational exposure may lead to alterations in the upper respiratory tract microbiota, increased
colonization by opportunistic microorganisms, and changes in immunological reactivity. This study
aimed to comprehensively assess alterations in the upper respiratory tract microbiological profile and
immunological parameters among workers employed in meat-production enterprises.

Materials and Methods. The study included workers employed in livestock farming, poultry farming,
horse breeding, and sausage production. Microbiological examination of biological samples collected
from the upper respiratory tract was performed to determine the species composition and frequency of
detected microorganisms. Immunological status was assessed by measuring serum concentrations of
IgM, IgG, IgE, IL-4, IL-6, and procalcitonin. The obtained parameters were compared with those of a
control group and statistically analyzed according to production sector.
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Results. In 70.0% of the examined workers, pathogenic and opportunistic microorganisms were
detected alongside the normal upper respiratory tract microbiota. Candida spp. were detected in 44.4%
of workers, Staphylococcus aureus in 38.9%, and Escherichia coli in 37.8%. Immunological assessment
revealed production sector-specific alterations in humoral immune parameters and inflammatory
mediators. Compared with the control group, IL-6 levels were approximately 6.0-fold higher in
livestock workers, 4.6-fold higher in poultry workers, 4.3-fold higher in horse-breeding workers, and
3.8-fold higher in sausage-production workers. Significant alterations in IgM, IgG, IgE, IL-4, and
procalcitonin levels were also observed compared with controls.

Conclusion. Alterations in the upper respiratory tract microbiota among meat-production workers were
accompanied by changes in humoral immune responses and activation of inflammatory mediators. The
integrated assessment of microbiological and immunological parameters may be valuable for
identifying early biological effects associated with occupational exposure and for improving preventive
measures in occupational health.
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Introduction

Meat production is an occupational environment in which workers are continuously exposed to
biological materials originating from animals, carcasses, raw meat, organic residues, processing
equipment, and contaminated surfaces. The interaction of these sources creates a complex microbial
environment within slaughterhouses and meat-processing facilities, where microorganisms may
circulate between animals, products, workers, equipment, and the surrounding environment. Studies
characterizing meat-processing microbiomes have demonstrated that production facilities can harbor
diverse and persistent bacterial communities, while technological operations and cross-contamination
contribute to their distribution throughout the processing chain (Zwirzitz et al., 2020; Barcenilla et al.,
2024; Xu et al., 2025). The composition of these microbial communities may also vary according to
production practices, environmental conditions, sanitation procedures, and characteristics of the
processed raw materials (Moradi et al., 2024).

Airborne biological contamination represents an important route of occupational exposure in these
environments. Animal handling, slaughtering, evisceration, carcass processing, cutting, cleaning, and
movement of organic materials can release bacteria, fungi, microbial fragments, endotoxin-containing
particles, and organic dust into workplace air. Fungal contamination has been documented in
slaughterhouse environments, including potentially relevant moulds and yeasts in workplace air and on
occupational surfaces (Viegas et al., 2016; Rodrigues et al., 2025). Repeated inhalation of biologically
active aerosols may adversely affect respiratory health, particularly when exposure occurs throughout
the working day and over prolonged periods. Studies among slaughterhouse and poultry workers have
reported respiratory symptoms and functional changes associated with occupational exposure to organic
aerosols and related contaminants (Kasaeinasab et al., 2016; Donham et al., 2000; Taluja et al., 2018).
The upper respiratory tract (URT) is one of the first biological barriers encountered by airborne
microorganisms and therefore represents an important site for assessing occupational microbial
exposure. Continuous contact with animal-derived microorganisms may alter resident microbial
communities and facilitate transient or persistent colonization by opportunistic and potentially
pathogenic species. This is particularly relevant in meat production, where close contact with animals
and raw biological materials creates repeated opportunities for microbial transfer. Studies among beef-
processing and livestock workers have demonstrated nasal carriage of Staphylococcus aureus, including
livestock-associated and antimicrobial-resistant strains (Leibler et al., 2016; Nadimpalli et al., 2016).
These findings suggest that the microbiological status of the URT may provide valuable information on
the biological burden experienced by occupationally exposed workers.
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Microbial colonization, however, represents only one component of the biological response to
occupational exposure. Persistent exposure to microbial antigens, organic dust, and other biologically
active agents may activate mucosal and systemic immune mechanisms, resulting in alterations in
inflammatory and humoral responses. Experimental evidence from poultry environments has shown
that repeated exposure to poultry-barn air and lipopolysaccharide can enhance inflammatory signaling
pathways, supporting the biological plausibility of immune activation following repeated occupational
exposure (Kaur & Sethi, 2019). Studies among slaughterhouse workers have also reported alterations
in inflammatory biomarkers, including IL-6, together with impaired ventilatory function (Ramadan et
al., 2024). Thus, the biological effects of occupational exposure in meat-production environments may
extend beyond local microbial colonization and involve systemic immune-inflammatory responses.
The combined assessment of microbiological and immunological indicators may provide a more
comprehensive characterization of occupational biological effects than either approach alone. IgM and
IgG represent major components of humoral immune activity, whereas IgE is associated with
sensitization and hypersensitivity responses. IL-4 and IL-6 participate in the regulation of immune and
inflammatory pathways, while procalcitonin may provide complementary information regarding
systemic inflammatory activity. However, previous research in meat-production environments has
largely examined environmental microbial contamination, respiratory symptoms, pulmonary function,
microbial carriage, or inflammatory indicators separately. Consequently, evidence regarding the
coexistence of alterations in URT microbial profiles and systemic humoral and inflammatory
biomarkers within the same occupational population remains limited.

An additional consideration is the heterogeneity of biological exposure across meat-production sectors.
Livestock farming, poultry farming, horse breeding, and sausage production involve different animal
species, raw materials, technological operations, environmental conditions, and degrees of direct
contact with biological substrates. Therefore, treating meat-production workers as a single
occupationally exposed population may obscure important sector-specific differences. Comparative
evaluation across production sectors is necessary to identify groups with more pronounced
microbiological and immunological alterations and to provide evidence for targeted occupational health
surveillance and preventive strategies.

Accordingly, the present study aimed to comprehensively assess microbiological and immunological
alterations among meat-production workers by characterizing the upper respiratory tract microbiota and
evaluating serum IgM, IgG, IgE, IL-4, IL-6, and procalcitonin levels in comparison with a control
group, while determining differences in biological responses across major meat-production sectors.

Materials and Methods

Study Design and Participants

A cross-sectional comparative study was conducted among workers employed in four meat-production
sectors: livestock farming, poultry farming, horse breeding, and sausage production. The
microbiological assessment included 90 occupationally exposed workers. Participants were grouped
according to their primary production sector, and a non-occupationally exposed control group was
included for comparison. The study design and selection of occupational groups were based on
differences in exposure to animal-derived biological materials and microbial contamination of the
working environment (Masyagutova & Bakirov, 2019).

Microbiological Assessment

Upper respiratory tract samples were collected under aseptic conditions and examined using
conventional culture-based bacteriological and mycological methods. Isolated microorganisms were
identified according to their cultural, morphological, and biochemical characteristics. The analysis
included Staphylococcus epidermidis, Staphylococcus aureus, Streptococcus spp., Escherichia coli, and
Candida spp. Microbial abundance was expressed as g CFU/mL, and the frequency of detection was
calculated as the number and percentage of positive samples.

Workplace air was additionally assessed for total microbial count, staphylococci, enterobacteria, and
fungi. Air samples were collected in the morning, at midday, and at the end of the work shift, and
microbial concentrations were expressed as CFU/m?. Quantitative assessment of viable microorganisms
in workplace air was performed according to established occupational microbiological approaches (van
Cleef et al., 2011).
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Immunological Assessment

Peripheral venous blood samples were collected from participants, and serum was used for
immunological analyses. Serum concentrations of IgM, IgG, IgE, IL-4, IL-6, and procalcitonin were
determined using validated immunological assay procedures. The obtained values were compared
between the occupational groups and the control group to assess sector-specific differences in humoral
and inflammatory responses (Masyagutova & Bakirov, 2019).

Statistical Analysis

Continuous variables were presented as mean =+ standard error (M = SEM), and categorical variables as
numbers and percentages. Comparisons were performed between occupational groups and controls and
among the four production sectors. Categorical variables were analyzed using the y> test or Fisher’s
exact test where appropriate. For quantitative variables, appropriate parametric or non-parametric tests
were applied according to data distribution. Statistical significance was set at p <0.05. Statistical results
were reported according to recommendations for biomedical research (Lang & Altman, 2015).

Ethics Statement

The study was approved by the Ethics Committee of Bukhara State Medical Institute, Bukhara,
Uzbekistan, and conducted in accordance with local legislation, institutional requirements, and the
principles of the Declaration of Helsinki. All participants provided written informed consent before
participation.

Results

Microbiological examination of the upper respiratory tract demonstrated clear differences in microbial
composition and colonization levels among workers from different meat-production sectors. Resident
microorganisms, primarily Staphylococcus epidermidis and Streptococcus spp., predominated in all
study groups; however, occupationally exposed workers showed a greater presence of opportunistic
microorganisms compared with the control group. The highest S. epidermidis concentration was
recorded among livestock workers (4.15+£0.07 lg CFU/mL), while Streptococcus spp. reached
4.934+0.04 Ig CFU/mL in livestock workers and 4.92+0.04 Ig CFU/mL in horse-breeding workers.
Differences between the study groups were statistically significant for S. epidermidis (p<0.05) and
Streptococcus spp. (p<0.001).

More pronounced differences were observed for opportunistic microorganisms. Escherichia coli
showed the highest concentration among poultry workers (2.45+0.55 1g CFU/mL), compared with
0.19+£0.13 1lg CFU/mL in the control group (p<0.001). Similarly, Candida spp. levels were highest
among sausage-production (2.52+0.70 1g CFU/mL) and poultry workers (2.38+0.54 1g CFU/mL),
whereas the corresponding value in controls was 0.70+0.24 lg CFU/mL (p<0.01). Staphylococcus
aureus was also more abundant among poultry workers (2.25+0.62 1g CFU/mL), although the overall
between-group difference was not statistically significant (p>0.05). Thus, the microbiological profile
varied according to production sector, with poultry and sausage-production workers showing the most
pronounced colonization by opportunistic microorganisms (Table 1).

Table 1. Microbiological Profile of the Upper Respiratory Tract in Meat-Production Workers by
Occupational Sector

. . Sausage Poultry Horse Livestock Control p-
Microorganism . . . .
production farming breeding [farming group value
Staphylococcus 3.77+0.13 3.97+0.16  |4.09+0.08 [4.15£0.07  [3.89+0.06 |<0.05
epidermidis
i;"rf;z«: lococcus 1.58+0.66 2.25+0.62 (1244033 [1.39+029  [0.78+0.26 [>0.05

Streptococcus spp.  |4.63£0.16 4.43+0.12  |4.92+0.04 |4.93+0.04 4.81+0.02  |<0.001
Escherichia coli 1.53+0.52 2.45+0.55 |0.87+0.27 [1.22+0.27 0.19+0.13 [<0.001
Candida spp. 2.52+0.70 2.38+0.54  [1.18+0.29 |1.28+0.25 0.70+0.24 <0.01

As shown in Table 1, the upper respiratory tract microbiological profile differed across occupational
groups. The most pronounced changes were observed for Escherichia coli and Candida spp., with the
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highest E. coli level detected among poultry workers (2.45+0.55 lg CFU/mL) and the highest Candida
spp. level among sausage-production workers (2.52+0.70 lg CFU/mL). Significant between-group
differences were found for S. epidermidis (p<0.05), Streptococcus spp. (p<0.001), E. coli (p<0.001),
and Candida spp. (p<0.01), whereas differences in S. aureus did not reach statistical significance
(p>0.05). Overall, opportunistic microbial colonization was more pronounced among poultry and
sausage-production workers compared with the control group.

A detailed analysis of microbial abundance across individual production units revealed considerable
variation in the upper respiratory tract microbiological profile of workers. Streptococcus spp. remained
consistently abundant across most work areas, whereas S. aureus, E. coli, and Candida spp. showed
greater sector- and workplace-specific variability. Particularly high Candida spp. levels were observed
in several sausage-production units, while elevated E. coli values were characteristic of poultry-rearing
areas. These findings demonstrate that microbial colonization patterns varied not only between
production sectors but also among individual technological units within the same sector (Figure 1).
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Figure 1. Distribution of upper respiratory tract microbial abundance across work areas of
meat-production sectors (Ig CFU/mL).

As shown in Figure 1, the distribution of upper respiratory tract microorganisms varied considerably
across production sectors and individual work areas. Streptococcus spp. showed consistently high
abundance across most workplaces, reaching its maximum level in the grinding unit of sausage
production (5.00 lg CFU/mL). Among opportunistic microorganisms, marked workplace-specific
differences were observed for S. aureus, E. coli, and Candida spp. The highest S. aureus level was
recorded in the sausage-stuffing unit (4.94 lg CFU/mL), while E. coli reached its maximum in the
poultry-rearing unit (4.00 lg CFU/mL). Candida spp. was particularly abundant in sausage-production
areas, with the highest level observed in the mixing unit (4.59 lg CFU/mL). Overall, the heatmap
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demonstrates substantial heterogeneity in microbial colonization across technological units, with
opportunistic microorganisms showing the most pronounced variation in poultry and sausage-
production environments

Immunological assessment was performed to determine sector-specific variations in humoral immune
and inflammatory responses among workers employed in livestock farming, poultry farming, horse
breeding, and sausage production. Serum concentrations of IgM, I1gG, IgE, IL-4, IL-6, and procalcitonin
were evaluated, and the results were summarized using minimum and maximum values, mean +
standard error (M + SEM), and 95% confidence intervals (Table 2).

Table 2. Immunological and Inflammatory Biomarkers Among Meat-Production Workers by
Occupational Sector

Biomarker Occupational sector | Min Max M + SEM 95% CI
Livestock farming |} 16 | 410 | 2182011 1.95-2.41
(n=40)
zgg)y farming 220|740 | 3.96:024 3.46-4.46
IgM, r/n Horse breedin
orse breeding 1.10 3.60 2.69+0.24 2.16-3.22
(n=10)
Sausage production |, 4 2.80 1.86+0.22 1.37-2.35
(n=10)
Livestock farming | 5 4 37.50 | 23.87+0.95 21.96-25.79
(n=40)
frfj;tor)y farming 1020|2330 | 16.55+0.67 15.18-17.92
IgG, r/n Horse breedin
10) & 13.60 | 31.40 | 21.76+1.86 17.56-25.96
(Srfjfgfe production 11759 | 3560 [2591+1.84 | 21.75-30.07
Livestock farming 214.95-
(i) 175.10 | 286.40 | 22433464 | Jp0)
Poultry farming 26520 |353.60 |311.98+3.75 | 20431
1B, (1=30) 319.66
’ Horse breeding 277.14-
(10) 252.60 | 35590 | 297.04:880 | 3| ou
Sausage production 298.24-
(=10 287.20 | 34640 | 313.59:6.79 | 35070
Livestock farming | ) o | 4540 | 34452123 31.95-36.95
(n=40)
Efj;torj‘/ farming 1580 | 3540 |2643£1.04 | 24.30-28.56
IL-6, pg/ml Horse breedin
(nilsg) ceding 1250 [32.10 | 24.92+1.95 20.52-29.32
(Slfjf'g%e production | 1) g0 | 2870 | 21.97+1.75 18.00-25.94
Livestock farming | 5 10.60 | 6.23£0.34 5.54-6.92
(n=40)
flggi’ farming 220 | 1240 | 6.95+0.58 5.76-8.13
IL-4, pg/ml Horse breedin
orse breeding 2.90 1030 | 6.10£0.74 4.43-7.77
(n=10)
(Slfjf'g%e production | 5 64 9.60 4.99+0.75 3.30-6.68
Livestock farming | o 0.26 0.155£0.009 | 0.137-0.173
[TpoxaabIuTOHMH, (n=40)
pg/ml Eggi’ farming 0.01 0.09 | 0.057+0.005 | 0.048-0.066
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g‘flsg)breedmg 0.08 0.15 0.115£0.008 | 0.096-0.134
(Sjjfg%epmducn‘m 0.11 0.19 0.149+0.009 | 0.129-0.169

The data presented in Table 2 demonstrated distinct variations in immunological and inflammatory
parameters among workers across the different meat-production sectors. The highest [gM concentration
was observed among poultry workers (3.96+0.24 g/L), whereas the highest IgG level was recorded
among sausage-production workers (25.91+1.84 g/L). IgE concentrations were also notably high among
sausage-production (313.59+6.79 ng/mL) and poultry workers (311.98+3.75 ng/mL).

Sector-specific differences were also evident in cytokine levels. The highest IL-6 concentration was
observed among livestock workers (34.45+1.23 pg/mL), while IL-4 reached its highest level among
poultry workers (6.95+0.58 pg/mL). Procalcitonin levels were highest in livestock (0.155%0.009
pg/mL) and sausage-production workers (0.1494+0.009 pg/mL). Overall, the findings indicate
heterogeneous, sector-specific patterns of humoral and inflammatory responses, with the most
pronounced alterations observed among poultry, livestock, and sausage-production workers.

To assess the direction and magnitude of immunological alterations among workers across different
meat-production sectors, serum levels of IgM, IgG, IgE, IL-4, IL-6, and procalcitonin were
comparatively analyzed against those of the control group. This comparative analysis enabled the
identification of sector-specific patterns of immune response and the extent to which immunological
parameters differed from control values (Table 3).

Table 3. Comparison of Immunological and Inflammatory Biomarkers Between Meat-
Production Workers and the Control Group

IL-4 Procalcit
Study group IgM, g/L. IgG, g/LL IgE, ng/mL | IL-6, pg/mL ’ onin,
pg/mL
pg/mL
Control (n=30) 1,41+0,10 15,81+£0,52 | 193,18+2,81 | 5,76+0,30 3,70+0,35 (1)6073i0,0
. _ 2,18+0,11* | 23,884+0,95 | 224,33+4,64 | 34,45+1,23* | 6,23+0,34* | 0,155+0,0
Livestock (n=40) % p ) ok 4 p k4 0951
3,96+0,24* 311,98+3,75 | 26,43+1,04* | 6,95+0,58* | 0,057+0,0
Poultry (n=30) ok 16,55+0,67 sk ) kg 05
Horse breeding 2,69+0,24* | 21,76£1,86 | 297,04+8,80 | 24,92+1,95* | 6,10+0,74* | 0,115+0,0
Sausage production 25,91£1,84 | 313,5946,79 | 21,97+1,75% 0,149+0,0
- 0*;5 P 186£022 | 0 A oy 499075 | (nas

Note: Values are presented as M+SEM. Statistical significance compared with the control group:
*p<0.05; **p<0.01; ***p<0.001. 1 indicates an increase relative to the control group.

Comparative analysis with the control group demonstrated distinct sector-specific patterns of
immunological response. The most pronounced alteration was observed in IL-6 levels, which were
significantly elevated across all occupational groups compared with controls (p<0.001), with the highest
concentration recorded among livestock workers (34.45+1.23 pg/mL). IgM reached its highest level
among poultry workers (3.96+0.24 g/L; p<0.001), whereas the highest IgG concentration was observed
in sausage-production workers (25.91+£1.84 g/L; p<0.001). IgE levels were particularly elevated in the
poultry and sausage-production groups, with both showing significant differences from the control
group (p<0.001). IL-4 was significantly increased among livestock and poultry workers (p<0.001),
while the highest procalcitonin levels were recorded in livestock and sausage-production workers
(p<0.001). Overall, these findings demonstrate distinct occupational sector-specific profiles of
immunological and inflammatory responses.

To visually assess sector-specific variations in immunological and inflammatory parameters, serum
levels of IgM, IgG, IgE, IL-6, IL-4, and procalcitonin were graphically compared with those of the
control group. The results are presented as mean =+ standard error of the mean (M = SEM) for each study
group, with statistically significant differences relative to the control group indicated accordingly
(Figure 2).
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Figure 2. Comparative Analysis of Immunological and Inflammatory Biomarkers Among
Workers in Different Meat Production Sectors and the Control Group

The comparative profile of immunological biomarkers revealed marked heterogeneity in the magnitude
of response across occupational sectors. The most prominent finding was the consistently elevated IL-
6 level in all exposed groups, with the greatest increase observed among livestock workers. Poultry
workers exhibited a distinct response characterized by the highest IgM and IL-4 levels together with a
pronounced elevation in IgE. In contrast, sausage-production workers showed the highest IgG and IgE
concentrations and a substantial increase in procalcitonin. Horse-breeding workers demonstrated an
intermediate response across most biomarkers. Notably, procalcitonin levels in poultry workers did not
increase relative to the control group, indicating that the immunological response was not uniform
across biomarkers or occupational settings. Collectively, these findings demonstrate distinct sector-
specific immunological profiles, with 1L-6 representing the most consistently altered inflammatory
marker across the studied occupational groups.

To characterize workplace-specific variations in immunological responses, serum levels of IgM, IgG,
IgE, IL-6, IL-4, and procalcitonin were compared across individual production units within the four
occupational sectors. The biomarker profiles showed considerable variation between technological
units, indicating a heterogeneous immunological response across different workplace environments.
The most pronounced differences were observed for IgE, IL-6, and procalcitonin, whereas the
magnitude and pattern of changes in IgM, IgG, and IL-4 varied according to both occupational sector
and production unit. The unit-specific distributions of all investigated biomarkers, expressed as mean +
SEM, are presented in Figure 3.
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Figure 3. Workplace-Specific Distribution of Immunological and Inflammatory Biomarkers
Across Meat-Production Sectors

Workplace-specific analysis revealed substantial heterogeneity in immunological and inflammatory
biomarker profiles across individual production units. Within the livestock sector, IL-6 remained
consistently elevated across all workplaces, reaching its highest level among workers in the milking
unit (34.88 + 2.46 pg/mL), whereas the highest IgG concentration was observed in the cattle-housing
unit (28.76 £ 1.49 g/L). In sausage production, IgE levels were consistently high across production
units, with the maximum value recorded in the cutter unit (326.15 + 20.25 ng/mL), where relatively
high levels of IgG and 1L-4 were also observed.

In the poultry sector, the most pronounced biomarker profile was observed among workers in the
poultry-rearing unit, which exhibited the highest IgM (5.02 + 0.70 g/L), IgE (319.03 + 6.33 ng/mL),
and IL-4 (8.73 £ 0.82 pg/mL) levels within this sector. Among horse-breeding workers, the highest IgG
concentration was recorded in the feed-preparation unit (24.80 & 3.93 g/L), whereas IL-6 peaked among
workers involved in foal care (27.83 +£2.18 pg/mL), and IL-4 was highest among stable workers (8.22
+ 0.84 pg/mL). Overall, the workplace-level analysis demonstrated that the magnitude and pattern of
immunological alterations varied not only between occupational sectors but also among individual
technological units within the same sector.

Discussion

The present findings demonstrate that occupational exposure in meat-production settings is associated
with concurrent alterations in upper respiratory tract (URT) microbial colonization and systemic
humoral and inflammatory responses, with the pattern and magnitude of these changes varying across
production sectors and individual technological units. The increased detection of opportunistic
microorganisms, particularly Escherichia coli and Candida spp., together with sector-specific changes
in IgM, IgG, IgE, IL-4, IL-6, and procalcitonin, suggests that biological exposure in meat-production
environments is heterogeneous and may induce different patterns of immune response. Among the
investigated biomarkers, IL-6 showed the most consistent alteration, with elevated concentrations
across all occupational groups compared with the control group.

The shift toward greater abundance of opportunistic microorganisms among occupationally exposed
workers is consistent with evidence that prolonged contact with livestock and animal-associated
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environments may alter the composition of the upper respiratory tract microbiome. Studies of livestock
workers have demonstrated differences in nasal and oropharyngeal microbial communities associated
with occupational animal exposure (Kates et al., 2019). Furthermore, livestock-related environmental
exposure has been associated with alterations in the oropharyngeal microbiome, supporting the concept
that airborne biological agents originating from animal-production environments may influence
respiratory microbial communities (Van Kersen et al., 2022). More recent evidence also indicates that
occupational and environmental livestock exposures are associated with alterations in the upper
respiratory tract microbiome (Hewitt et al., 2025). These observations provide an epidemiological
context for the pronounced E. coli and Candida spp. colonization identified in the present study,
particularly among poultry and sausage-production workers.

The systemic immunological findings are also consistent with the established biological effects of
organic dust and bioaerosol exposure in agricultural occupations. Organic dust generated in animal-
production environments contains a complex mixture of microbial components capable of activating
inflammatory and immunological pathways following inhalation. Previous evidence has shown that
agricultural organic dust exposure can induce both innate inflammatory and adaptive immune responses
(Poole & Romberger, 2012). Experimental inhalation of swine dust has also been demonstrated to
induce cytokine release in the upper and lower airways, providing biological evidence that exposure to
animal-derived organic aerosols can initiate substantial inflammatory responses (Wang et al., 1997).
These mechanisms may contribute to the pronounced inflammatory biomarker changes observed among
occupationally exposed workers in the present study.

IL-6 was the most consistently altered immunological marker, being elevated across all four
occupational sectors and reaching the highest concentration among livestock workers. This pattern may
reflect sustained inflammatory activation associated with repeated contact with microbial antigens and
biologically active components of organic aerosols. Importantly, recent findings among workers in
agro-industrial enterprises have demonstrated that occupational bioaerosol exposure is accompanied by
measurable immunological alterations, further supporting the relationship between biologically
contaminated occupational environments and altered immune responses (Ibrokhimov et al., 2026). The
present results extend this evidence by demonstrating that the magnitude of immune-inflammatory
alterations differs not only between major production sectors but also between individual technological
units within meat-production enterprises.

In contrast to the relatively consistent IL-6 response, humoral immune markers demonstrated
pronounced sector-specific variation. Poultry workers exhibited the highest [gM concentration together
with marked increases in IgE and IL-4, whereas sausage-production workers showed particularly high
IgG and IgE concentrations. Livestock workers were characterized by pronounced IL-6 and
procalcitonin levels. The concurrent increase in IgE and IL.-4 among poultry workers may be compatible
with enhanced type-2 immune activity or sensitization-related responses. However, allergen-specific
IgE and clinical sensitization were not assessed in the present study; therefore, these findings should
not be interpreted as direct evidence of occupational allergy. Rather, they demonstrate that different
occupational environments are associated with distinct humoral and inflammatory profiles that warrant
further investigation.

The combination of elevated IgM, IgE, and IL-4 with comparatively unchanged procalcitonin among
poultry workers is particularly noteworthy. This pattern suggests that the immunological response in
this group may differ from the more pronounced inflammatory profile observed among livestock
workers. Procalcitonin is generally associated with systemic inflammatory responses, whereas IgE and
IL-4 are more closely related to humoral and type-2 immune pathways. Consequently, the observed
differences support the use of a multi-marker approach when investigating occupational biological
exposure, as reliance on a single inflammatory biomarker may fail to characterize the diversity of
biological responses across production environments. Nevertheless, the clinical relevance and
occupational screening value of these biomarkers require confirmation in longitudinal studies.
Workplace-level analysis provided further evidence of heterogeneity within individual sectors. For
example, IL-6 remained consistently high across livestock-production units, whereas poultry-rearing
workers demonstrated particularly pronounced IgM, IgE, and IL-4 levels. In sausage production, IgE
concentrations were elevated across several technological units, while horse-breeding workplaces
showed a more variable immunological profile. These differences suggest that occupational biological
exposure is determined not only by the general production sector but also by the specific tasks and
technological operations performed by workers. Differences in animal contact, handling of biological
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materials, organic aerosol generation, ventilation, sanitation, and duration of exposure may contribute
to the observed workplace-specific patterns.

The simultaneous presence of altered URT microbial profiles and systemic immunological changes
represents an important aspect of the present findings. Occupational microbiome studies have
demonstrated that livestock-associated environmental exposures can modify respiratory microbial
communities (Kates et al., 2019; Van Kersen et al., 2022; Hewitt et al., 2025), whereas research on
agricultural organic dust has established its capacity to induce inflammatory responses (Poole &
Romberger, 2012; Wang et al., 1997). The present study brings these two components together by
evaluating microbiological colonization and systemic immunological biomarkers within the same
occupational population. However, the coexistence of these alterations does not demonstrate that
specific microorganisms directly caused individual immunological changes. Further studies
incorporating individual exposure measurements and microbiological-immunological correlation
analyses are required to clarify these relationships.

Limitations

Several limitations should be considered when interpreting the results. First, the cross-sectional design
does not allow determination of the temporal sequence or causality between occupational biological
exposure, URT microbial colonization, and immunological alterations. Second, the relatively small
sample sizes in the horse-breeding and sausage-production groups may reduce the statistical precision
of comparisons involving these sectors. Third, culture-based microbiological methods primarily detect
viable cultivable microorganisms and may therefore underestimate the overall diversity of the
respiratory microbiota. Molecular and sequencing-based approaches could provide a more
comprehensive characterization in future investigations. In addition, potential individual-level
confounding factors, including smoking, atopic predisposition, previous respiratory disease, medication
use, and duration of occupational exposure, should be considered in subsequent studies.

Practical Implications

The sector- and workplace-specific microbiological and immunological profiles observed in this study
support a targeted approach to biological risk assessment in meat-production enterprises. Recent
evidence that occupational bioaerosol exposure among agro-industrial workers is associated with
immunological changes further emphasizes the importance of integrating exposure assessment with
worker health surveillance (Ibrokhimov et al., 2026). Preventive strategies should prioritize
technological units with substantial biological exposure and include effective ventilation, control of
organic dust and bioaerosols, adequate workplace sanitation, and appropriate respiratory protective
equipment.

The combined evaluation of microbiological and immunological parameters may also provide
additional information for identifying groups potentially experiencing greater biological exposure.
However, 1L-6, immunoglobulins, IL.-4, and procalcitonin should not yet be considered established
routine occupational screening biomarkers based on the present cross-sectional findings alone.
Longitudinal studies incorporating quantitative bioaerosol and endotoxin measurements, molecular
characterization of respiratory microbial communities, and repeated immunological assessments are
required to determine their predictive and preventive value. Such an integrated approach may contribute
to more precise identification of biological hazards and the development of task-specific preventive
strategies in meat-production workplaces.

Conclusion

This study demonstrates that occupational exposure in meat-production enterprises is associated with
concurrent alterations in upper respiratory tract microbial colonization and systemic immunological
reactivity, with the pattern and magnitude of these changes varying according to production sector.
Increased colonization by opportunistic microorganisms, particularly Candida spp., Staphylococcus
aureus, and Escherichia coli, was accompanied by significant elevations in IgM, IgG, IgE, IL-4, IL-6,
and procalcitonin relative to the control group, with IL-6 representing the most consistently altered
biomarker across all occupational groups. These findings indicate that the combined assessment of
microbiological and immunological parameters provides a more informative picture of occupational
biological burden than either approach applied separately, and may serve as a basis for developing
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sector- and task-specific preventive measures, enhanced workplace hygiene, and targeted health-
monitoring programs for workers in meat-production enterprises.
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